Using Raman microscopy and scanning electron microscopy we have successfully identified, for the first time, synthetic silicon carbide (carborundum) particles in 15 unearthed relics and assorted remains from five out of six Neolithic sites (~4000 -7000 years b.p.) in Eastern China. Because of its extreme hardness, silicon carbide was apparently employed in the manufacture of ancient jade artifacts presumably as an abrasive for polishing. We show that Neolithic people may have already used this synthetic material to carve and polish both jade and quartz artifacts, contributing to the blooming development of the jade culture throughout ancient China.
INTRODUCTION
Jade has had a long and intimate connection with Chinese culture. The oldest known jade artifacts found in China are from Xinglongwa (~7400 -8200 years b.p.) in Inner Mongolia (Hu and Liu 1998) . By the late Neolithic period (~4000 years b.p.), jade had become a symbol of power and wealth, and by ~2500 years b.p., Confucius had endorsed the notion that jade's innate qualities were symbolic of the virtuous and moral aspects of humanity. Given both the early reverence for jade by Neolithic Chinese tribes and the later adoption of Confucianism, jade has become synonymous with Chinese culture, and has attracted much attention over the past few decades (Na 1980; Yang 1998; So and Douglas 1998; Douglas 2005) .
Jade artifacts in China are usually made of nephrite which consists of felted intergrown microcrystalline to cryptocrystalline tremolite-actinolite (Wen 1998) . On Mohs hardness scale, nephrite and quartz are 6 -7 and 7, respectively, so they are not easily carved or drilled. Nevertheless, the excavations of intricately carved nephrite and quartz artifacts suggest that the ancient Chinese must have possessed some sort of polishing abrasive material used in the production of such carvings as early as 8000 years b.p. (Zhang 2003; Lu et al. 2005) . For example, vast numbers of intricately carved and polished jade and quartz artifacts have been found in the excavations of the Lingjiatan culture in Anhui and the Liangzhu culture in Jiangsu, Zhejiang and Shanghai; Neolthic sites dating from 4000 -5300 years b.p. (Zhang 2003) . Both jade and quartz artifacts dated to about 4000 years b.p., found at localities throughout China support the view that jade production and polishing technologies were widespread in the Neolithic (Na 1980; Yang 1998; Zhang 2003; Lu et al. 2005; Douglas and Yang 2008) .
Several possible candidates for these elusive, polishing abrasive materials have been proposed in the literature. Suggestions range from the frequently found quartz tools and shark's teeth at archaeological sites, to corundum (Mohs hardness 9), and diamond (Mohs hardness 10) (Zhang 2003; Lu et al. 2005) . However, no direct evidence has ever been found to which polishing abrasive material or materials were used. Although quartz tools could have been employed to roughly shape the artifacts, grinding powders would still be necessary to acquire the smooth polish that is characteristic of the jade artifacts. Shark's teeth (typically apatite in composition) are relatively soft and therefore an unlikely candidate (Zhang 2003; Lu et al. 2005) . Although it has been suggested that ancient Chinese people may have used naturally occurring corundum or diamonds in the manufacture of jade artifacts (Zhang 2003; Lu et al. 2005) , neither material has ever been found at Neolithic sites. In "Chinese Jade Carving," Hansford (1950) describes the polishing abrasive materials in a jade workshop in Peking in 1939 (Anhui Provincial Institute of Cultural Relics and Archaeology 2009). A mixture of carborundum with loess, or calcareous sand called "pao yao" was used for the final polishing stage of jade artifacts. In spite of this observation, carborundum has never been found in association with ancient jades. Many studies show that carborundum can be produced by thermal processing of rice husks at temperatures ~1150 -1500°C and in the process the fine silicon particles in the plant material can be converted into silicon carbide by adding carbon from organic material (Hansford 1950; Adylov et al. 2003) .
In this paper we describe the identification of minute carborundum particles in unearthed Neolithic relics and associated remains. The presence of abundant carborundum particles in many of the jade artifacts suggests that the development of the jade culture in ancient China may have been closely associated with the adoption of synthetic carborundum (SiC) by tribes in Eastern China during the Neolithic period.
SAMPLES AND ANALYTICAL METHODS
The present study examines unearthed relics and other remains excavated from six Neolithic sites in Eastern China (Fig. 1) . Four sites are in Jiangsu province: Yandun is a site of the Liangzhu culture, while the Dingshadi, Miaojishan and Chaoduntou sites predate the Liangzhu culture. Two sites are in Anhui Province, where Lingjiatan is a site of the Lingjiatan culture, Huangjiayan is a site of the Xuejiagang culture and they also predate the Liangzhu culture. The chronological and geographical relationships of these cultures, as suggested by previous studies (Tang 2002; Tian 2002; Yang 2002; Liethschmidt and Garbes 2002; He 2005a; Yan 2006; Yang 2009) , are summarized in Table 1 .
The 18 specimens collected from the abovementioned sites can be divided into five categories: (I) baked clay pieces containing wood-ash, in which some of the woodash may have reacted with clay to form SiC particles after baking; (II) pottery clay that may have been mixed with residual SiC particles; (III) residual sand-sized particles found inside pottery (possibly a storage container for the SiC); (IV) particles that were carefully scraped off the surface of postulated jade-making tools; and (V) particles that were carefully scraped from indentations within stone artifacts (Table 2 and (a) (c)
either intentionally or accidently. The third category may be from storage containers holding polishing abrasive powders for jade making. The last two categories are from excavated artifacts and any particles collected from the surface of the samples are likely to contain residual grinding materials. In addition, modern silicon carbide (SiC) powder (Buehler, product no. 406418000080, grit 1000/P2000) has been examined for comparison. Due to the small amount of SiC particles, it was impossible to use X-ray diffraction to determine the phases of the minerals in the samples. Raman spectroscopy and secondary electron microscopy (SEM) techniques were used in the present study. Micro-Raman spectroscopic analyses were carried out in two laboratories using a Jobin-Yvon T64000 Micro-Raman system at the Department of Physics, National Taiwan University, and a UV light LabRam HR800 Micro-Raman system at the Institute of Earth Sciences, National Dong Hua University. Chemical compositions and photomicrographs of the samples were obtained with a QUANTA 200 FEG SEM at the Department of Geosciences, National Taiwan University. The 14 C dating was conducted at the accelerator mass spectrometry (AMS) facilities at the University of Arizona and Lawrence Livermore National Laboratory.
RESULTS
Early industrial synthesized carborundum is usually not pure due to its poor process control and contains a mixture of SiC, quartz (SiO 2 ) and carbon (Shapiro et al. 1967; Jayaraman et al. 1987; Nakashima et al. 2003; Jin and Shi 2008; Yang 2009 ). As a result, Raman signal intensities vary depending on the different proportions of these components. If they are evenly mixed, the Raman show an A1 mode signal of SiO 2 at ~206 cm -1 , SiC at ~780 and ~970 cm -1 , and C between ~1000 and ~1800 cm -1 (Shapiro et al. 1967) . The structure and size of the crystals also influence the position and strength of the Raman signals (Wieligor et al. 2005; Jin and Shi 2008) .
Of the 18 samples from the six Neolithic sites studied, 15 samples contained SiC (Table 2) . Four samples (Nos. 1 -3 and 14) showed clear evidence of highly pure SiC fine crystal structure signals (Figs. 3a -d ) similar to those found in modern industrial grade SiC (Fig. 3e) . Among the remaining 14 samples, 11 showed mixed signals with varied and disordered SiC signals (Fig. 3f) , reflecting poorly developed crystalline structures and size variation. Only three samples (Nos. 4, 17, and 18: one from Lingjiatan and two from Chaoduntou) showed no trace of SiC. Significantly, SiC was found in three samples of category IV (Nos. 7, 15, and 16) likely candidate for carving tools. Unlike modern industrial SiC particles (Fig. 4a) , the SEM images show the surfaces and edges of the SiC particles are seriously weathered and cracked, with wear and corrosion marks (Fig. 4b) ; the particle sizes also vary greatly, between 28 -80 μm. These characteristics suggest that the SiC particles may have been produced by an immature technological process with poor quality control.
Another eight carbon fragment samples were dated using the 14 C dating technique. The dating results are listed in Table 3 
DISCUSSION
How did the ancient Chinese develop SiC as a polishing abrasive material? Moissanite is extremely rare as a naturally occurring mineral, so it is impossible to find and collect large quantities of moissanite in nature. However, carborundum may be produced naturally in common pottery-firing processes, when natural fuel, such as grass, wood or coal comes in contact with natural mineral quartz or sand. For example, sample No.1 clearly shows the co-existence of both SiC particles and wood-ash. Although the ancient processes were probably very crude and difficult to control, and the quality of the products was likely to be inconsistent, the process was easy to implement, even for the Neolithic tribes in Eastern China. In addition, eleven other samples of category I (not listed in Table 2 ) collected near sample No. 1 at Lingjiatan, all show the existence of SiC particles.
The discovery of this study, contrary to known history, pushes back the age of the first known synthetic SiC by several thousand years, to the Neolithic age. We may never know for sure whether the ancient people made SiC accidentally or on purpose. We do know, however, that Neolithic tribes in Dingshadi (now in Jiangsu Province) had successfully synthesized carborundum (sample No. 14) as early as 7622 years b.p. (Fig. 3d and Table 3 ). Furthermore, the existence of SiC is widespread, as evidenced from the unearthed relics in five out of the six Neolithic sites investigated (Table 2 ). The evidence from category IV and V SiC samples, which were collected directly from the surfaces or holes within tools or jade artifacts, suggests that the tribes in Lingjiatan had broadly adopted SiC for carving jade as early as 5453 -5599 years b.p. These groups are thus likely to be the first known humans to have employed synthesized polishing abrasive materials in the manufacture of jade artifacts. It is apparent that "SiC technology" also spread to the Liangzhu culture (~5600 -4000 years b.p.) (He 2005b) , helping it to become the most prosperous and prolific jade cultural period in Neolithic times in China. Although there has never been a historical record about the kind of grinding materials used for jade processing, we suggest that the SiC technology could have had a profound influence on the subsequent development of jade culture in China.
As mentioned previously, the Dingshadi tribes of Eastern China manufactured carborundum as early as 7622 years b.p., although they did not seem to know how to use it in the production of jade artifacts. People in Lingjiatan in Anhui (~5453 -5599 years b.p.) likely improved on carborundum production while firing pottery, to produce greater amounts of carborundum for carving jade and other hard stones. Note that in order to carve and polish so many delicate jade artifacts, they would also have had to develop techniques to concentrate the minute amount of SiC particles spread throughout the pottery clay, although it remains unclear how this was accomplished. In a broader context, the results of this study may indicate the earliest use of synthetic abrasives in human history. At ~5453 -5599 years b.p., the Liangzhu culture adopted the technique, which they very likely inherited from the Lingjiatan culture. Under the Liangzhu culture, one of the most prosperous and prolific periods of jade production and culture in China's history, jade production bloomed and this development had a profound influence on the future development of jade culture in China. This study shows very strong evidence that the proliferation of jade culture in China likely had its roots in the serendipitous discovery of how to synthesize carborundum by Neolithic tribal peoples about 7622 years ago.
CONCLUSIONS
This study shows that synthetic silicon carbide (SiC) particles are common components of Neolithic potteries and occur on the surfaces of stone tools from Eastern China. SiC is extremely rare as a naturally occurring mineral, suggesting that its presence at five out of the six Neolithic sites could not simply be a coincidence. Its discovery may have been serendipitous during the firing of pottery, making it the first known manmade abrasive material. Because of SiC's extreme hardness (Mohs 9.5), it could be the elusive grinding and polishing abrasive material for which archeologists have been searching for many years. 14 C dating shows that SiC existed as early as ~7622 years b.p. at Dingshadi. Furthermore, the "SiC technology" was prevalent throughout the Lingjiatan culture (~5453 -5599 years b.p.) and appears to have been later passed on to the Liangzhu culture around 5300 years b.p. (Table 1) , leading to the widespread development of jade carving in ancient China.
